Poor sensitivity to the bitter taste of phenylthiocarbamide (PTC) and related substances has been associated with a number of diseases. We determined, in patients with chemosensory dysfunction from multiple etiologies, whether PTC "tasters" (n = 511) exhibit less smell and taste dysfunction than their non-PTC-tasting counterparts (n = 432) on a comprehensive battery of olfactory and gustatory tests. The proportion of tasters (54%) in our study population was much lower than that calculated from 11 North American population studies (76.5%; P < 0.0001). This taster/nontaster ratio was maintained across a range of etiologic categories. More women (60.7%) than men (45.5%) were PTC tasters (P < 0.0001). Although PTC tasting status was unrelated to scores on the olfactory tests (which included tests of odor identification, detection threshold, and odor memory/ discrimination), tasters significantly outperformed nontasters on suprathreshold identification and intensity taste tests employing both bitter (caffeine) and nonbitter (sucrose, citric acid, sodium chloride) tasting stimuli. Regardless of PTC taster status, women outperformed men on the taste tests. Our findings suggest the possibility that the T2R38 gene may protect against significant olfactory dysfunction, but once such dysfunction becomes manifest at a level where professional help is sought, such protection is not evident. However, other hypotheses for this phenomenon are possible. This study demonstrates that patients with chemosensory disturbances who are PTC tasters outperform their non-PTC taster counterparts in both identifying and perceiving the intensity of a range of suprathreshold tastants, including ones that do not taste bitter.
Introduction
Sensitivity to the bitter taste of phenylthiocarbamide (PTC) and related compounds having the N-C=S moiety, such as 6-n-propylthiouracil (PROP), is known to vary both within and among human populations (Drayna 2005) . Kim et al. (2003) localized a gene largely responsible for PTC tasting on chromosome 7p35. This gene contains a single coding exon of 1002 base pairs in length and codes for the G-protein TAS2R38. Five different haplotypes of the TAS2R38 gene code for operatively distinct receptors, namely PAV, AVI, AAI, PVI, and AAV. The PAV receptor variant appears to be the major determinant of PTC and PROP taster status since it is most activated in functional expression assays, although AAI, PVI, and AAV receptor variants are activated to a lesser extent, supporting the view that PTC sensitivity is dependent upon multiple alleles in the general population (Kim et al. 2003; Bufe et al. 2005) . In one genetic model, a single locus is hypothesized as controlling PTC tasting whereas another locus controls more generalized taste ability (Olson et al. 1989) . Melis et al. (2013) found, in an ethnically homogenous cohort residing on the island of Sardenia, that the TAS2R38 genotype and the rs2274333(A/G) polymorphism of the gustin gene both influence the bitter perception of PROP, as well as the density of fungiform papillae. The gustin gene was additionally associated with larger size and greater variation in shape and morphological forms of the fungiform papillae. However, since population homogeneity can result in overestimation of gene effects, Barbarossa et al. (2015) extended this work by assessing the perceived bitter intensity of PROP in a more ethnically-mixed cohort of subjects. While the T2R38 gene was clearly related to such intensity, this was not the case with the gustin gene-a gene that was related to fungiform papillae density. No meaningful correlation was evident between the perceived bitterness of PROP and papillae density (r = 0.16, ns).
Regardless its genetic underpinnings, decreased ability to taste the bitterness of PTC and PROP has been variously related to a number of disorders, including congenital arthritic cretinism (Fraser 1961) , dental caries (Chung et al. 1965) , depression (Whittemore 1986 ), Down syndrome , diabetes (Sriram et al. 1975; Ali et al. 1994) , epilepsy (Pal et al. 2004) , eye disorders (Lightman et al. 1970) , goiters (Greene 1974; Shivaprasad et al. 2012) , motion sickness , obesity (Shivaprasad et al. 2012 ), Parkinson's disease (Moberg et al. 2007a) , and schizophrenia (Roalf et al. 2004; Moberg et al. 2007b; Brewer et al. 2012) . Moreover, relative to nontasters, PTC tasters have higher plasma and, in some cases, saliva levels of such metabolic hormones as leptin, tumor necrosis factor-α, and insulin-like growth factor 1 (Wang et al. 2014) . Recent research suggests that decreased PTC sensitivity is associated with increased susceptibility to bacterial infections of the upper airway (Lee et al. 2012; Farquhar et al. 2015) . Gram-negative bacteria secrete acyl-homoserine lactone (AHL) molecules that are involved in quorum sensing, the process by which bacteria sense their density. These molecules activate, via a calcium signal, T2R38 receptors located within the cilia of sinonasal epithelial cells (Shah et al. 2009 ). T2R38 receptors, in turn, initiate the production of synthase-dependent nitric oxide, thereby releasing this antibacterial agent into the mucus and increasing mucociliary transport and clearance. Non-PTC tasters are believed to have fewer T2R38 receptors than PTC tasters within the respiratory cilia of the nose, thereby making them more susceptible to bacterial upper respiratory infections (URIs) (Adappa et al. 2013) .
The aforementioned observations raise the question, addressed in this study, as to whether being a PTC taster mitigates the degree of olfactory dysfunction of individuals with chemosensory dysfunction secondary to URIs and nasal sinus problems. If such mitigation occurs, we sought to determine whether it differs from that of persons whose dysfunction is due to head trauma or unknown causes. This study also sought to determine whether PTC tasters from our chemosensory compromised population outperform nontasters in identifying the quality of both bitter and nonbitter tasting stimuli and in rating the intensity of such stimuli. In some healthy cohorts, tasters commonly rate both bitter and nonbitter stimuli as more intense than do nontasters (Bartoshuk et al. 1994 (Bartoshuk et al. , 1998 .
Materials and methods

Subjects
The study population was comprised of 943 individuals who presented to the University of Pennsylvania Smell and Taste Center for chemosensory evaluation and for whom PTC testing had been performed over the course of the last 5 years (Table 1) . Based on the testing noted below, 511 of the study group were classified as PTC tasters (54%) and 432 nontasters (46%). Overall, more women were PTC tasters (64%) than were men (36%) (χ 2 = 21.28, P < 0.0001). As shown in Table 1 , the tasters and nontasters were comparable on a wide range of demographic variables and did not differ significantly from one another on the basis of age or scores on the Beck Depression Inventory (Beck et al. 1996) or the Mini-Mental State Examination (MMSE) (Folstein et al. 1975) . Not all subjects completed all of the tests, as reflected by the sample sizes indicated in the tables of the results. This research was performed in accordance with the ethical principles of the Declaration of Helsinki (2000) and was approved by the Institutional Review Board of the University of Pennsylvania's Office of Regulatory Affairs.
Determination of PTC taster status
Individuals who detected a bitter sensation following placement of a 3.80 cm × 1.43 cm strip of filter paper impregnated with 0.007 mg of PTC (Carolina Biological Supply Company) for a minimum of 5 s were considered PTC "tasters" for the purpose of this experiment. Previous studies have shown that this test is reliable (Driscoll et al. 2006) , although it does not distinguish between subclasses of tasters, such as medium PTC tasters and PTC supertasters, as defined by responses along sectors of a bitter intensity rating scale (Lim et al. 2008 ).
Olfactory tests
Odor identification was measured using the University of Pennsylvania Smell Identification Test (UPSIT) (Doty et al. 1984) . This test focuses on the comparative ability of subjects to identify odorants at the suprathreshold level. It is comprised of four envelope-sized booklets, each containing 10 "scratch and sniff" odorants embedded in 10-50 µm polymer microcapsules individually positioned on brown strips at the bottom of each booklet page. The specifics and criteria for item selection and standardization of this test is described in detail elsewhere (Doty et al. 1984) .
Detection threshold sensitivity was measured using a single staircase odor detection threshold test (Doty et al. 1984 (Doty et al. , 1986 (Doty et al. , 1995 . This test determines the lowest concentration of the rose-like smelling odorant phenyl ethyl alcohol (PEA) that can be detected in a two-alternative forced-choice paradigm. The staircase began at the −6.00 log concentration step of a half-log step (vol/vol) dilution series extending from −10.00 log concentration to −2.00 log concentration. The odorant concentration was increased in full log steps until correct detection of the stimulus relative to a paired blank occurred on 5 sets of consecutive trials at a given concentration. If an incorrect response was given on any trial before this was achieved, the staircase was moved upward one full log step. After a correct response was made on all 5 trials, the staircase was reversed and subsequently moved in 0.5 log steps, with only 1 or 2 trials occurring at each step (i.e., if the first of the 2 trials was missed, the second one was not given, and the staircase was moved to the next higher concentration). When correct detection occurred on both trials, then the stimuli were presented at the next lower concentration. The average of the last 4 of 7 staircase reversal points was used as the threshold estimate. For details, see threshold video at www.sensonics.com. Odor discrimination and short-term odor memory were assessed using the odor discrimination/memory test (OMDT) (Choudhury et al. 2003) . This 12-item nonlexical test employs 10-, 30-, and 60-s delay intervals between the presentation of the target odorant and the first of 4 successively presented odors from which the target is selected. The target odorant is initially released by scratching an odorized label that is then presented to the subject for sampling. After a given delay interval, 4 subsequent odorants (the target and 3 foils) are similarly released and presented at ~5 s intervals. The subject's task is to report which odor in the odor response set is the same as the target stimulus. During the delay interval, the subject is required to count aloud backwards by 3s from 280 in an attempt to minimize verbal rehearsal. The presentation order of the stimuli is counterbalanced such that (a) all target odorants occur an equal number of times at each delay interval, (b) each target odorant is represented at a given delay interval once in each of the 4 possible response positions (i.e., a, b, c, and d), and (c) all 4 odorants are presented in the first, second, and third segments of the test.
Taste tests
In the whole-mouth taste identification test, 10 mL samples of 5 different suprathreshold concentrations of sucrose (0.08, 0.16, 0.32, 0.64, 1.28 Molar [M]), sodium chloride (0.032, 0.064, 0.128, 0.256, 0.512 M), citric acid (0.0026, 0.0051, 0.0102, 0.0205, 0.0410 M), and caffeine (0.0026, 0.0051, 0.0102, 0.0205, 0.0410 M) are presented in small cups to the subjects in a counterbalanced order (Stinton et al. 2010) . Each solution is sipped, swished in the mouth, and expectorated. The subject indicates, in a forced-choice paradigm, whether a given solution tastes sweet, salty, sour, or bitter, and rates its intensity on 9-point rating scales, with the larger values representing greater intensity. After responding, the subject rinses his or her mouth with purified water. Forty stimulus presentations are administered (4 tastants × 5 concentrations × 2 trials). The maximal possible identification score for a given tastant is 10.
In the regional taste test, suprathreshold taste identification ability was assessed on the left and right sides of the anterior and posterior tongue (Stinton et al. 2010) . The target tongue regions were close to the lateral margins of the anterior tongue and in close proximity to lateral circumvallate papillae in the posterior part of the tongue. For each tongue region, 15 μL of sucrose (0.49 M), sodium chloride (0.31 M), citric acid (0.015 M), and caffeine (0.04M), equated for kinematic viscosity using cellulose (~1.53 mm 2 /s), are presented in a counterbalanced order using a micropipette (Eppendorf). On a given trial, a subject reports whether the solution tastes sweet, sour, salty, or bitter before retracting the tongue and rinsing with purified water. A total of 96 forced-choice trials (4 tastants × 4 lingual regions × 6 repetitions) are presented. The maximum identification score each subject can achieve for a given tastant is 24.
Statistical analyses
We first determined the proportion of tasters and nontasters in the overall study group of 935 patients and compared, using χ 2 , these proportions to those of well-documented North American populations of healthy subjects in order to determine whether the proportions differed from those expected in the general population. We then compared such frequencies in the same manner within the 4 etiologies for which relatively large sample sizes were available (i.e., URI n = 275; head trauma n = 87; nasal sinus disease n = 186; and idiopathy n = 271). Most of the patients within the idiopathy group likely had a viral or bacterial URI etiology, since the Spearman correlation between the frequencies of onsets of the idiopathic and URI groups across each of the 12 calendar months followed previously observed seasonal frequencies for URIs (Konstantinidis et al. 2006) .
The test scores of the PTC tasters and nontasters of the overall study group were subsequently subjected to analysis of covariance, with the between subjects factors of PTC tasting group (taster, nontaster) and sex, and with the covariates of age and age 2 . Post hoc comparisons were performed using Tukey's honestly significant difference test to correct for inflated alpha. Etiology, per se, was not a factor in this initial analysis because of the small number of subjects in some etiologic classes. However, subsequent analyses were focused separately on the aforementioned four etiologies that were represented by a relatively large number of subjects.
Results
Proportion of tasters and nontasters in the overall study group
Of the total study group, 511 were PTC tasters (54%) and 432 were nontasters (46%), a proportion that did not differ significantly from a 50:50 ratio (χ 2 = 3.07, P = 0.080). The percent of tasters was much lower than that of the median percentage of tasters (76.5%) calculated from 11 North American studies listed by Guo and Reed (2001) that did not contain indigenous American Indian populations (χ 2 = 102.25, P < 0.0001). This taster/nontaster ratio was maintained across the 4 etiology categories noted above. Thus, the respective number of tasters ranged from 49% for head trauma patients to 60% for nasal sinus disease (Table 1) . No significant differences in the proportions of tasters and nontasters among these 4 etiology groups were evident (χ 2 = 3.69, P = 0.297). However, more women (60.7%) than men (45.5%) were PTC tasters (χ 2 = 20.67, P < 0.0001).
Olfactory tests
The mean (SEM) olfactory test scores are shown in Table 2 for the PTC tasters and nontasters, along with the P and η 2 values for the ANCOVA main effect of taster status after controlling for the effects of age. The data are presented separately for the entire study group and for the 4 etiologies for which data from relatively large numbers of subjects were available. It is apparent from this table that while PTC tasters nominally outperformed PTC nontasters in nearly all cases, tasting status was not significantly related to the olfactory test scores, save the possibility of a weak association (P = 0.049) for the odor memory/discrimination test in the idiopathic group-an association that accounts for negligible variance and that would not be significant if one applied a correction for inflated alpha due to the number of analyses that were performed. No significant sex differences were found. Although significant age effects were apparent, they did not meaningfully interact with PTC taster status in any of the analyses.
Taste tests
Whole mouth taste identification The mean (SEM) PTC taster and nontaster taste identification test scores and associated P and η 2 values are shown in Table 3 . Unlike the case with olfaction, significant differences in the performances of PTC tasters and nontasters were evident, most notably for the combined groups and for nasal sinus disease. In all such cases, the PTC tasters performed better than the nontasters. Note that the effect sizes are relatively small, with only 1 reaching 9%, 2 reaching 5%, 4 reaching 2%, and the remainder being 1% or less.
Although, in the total sample, a significant sex main effect was present for caffeine [F(1, 926) = 15.64, P < 0.001, η 2 = 0.016; respective female and means (SEMs) = 8.11 (0.12) and 7.42 (0.13)] and approached significance for sodium chloride [F(1, 924) = 3.52, P = 0.061, η 2 = 0.004, 8.33 (0.08) and 8.10 (0.09)], sex was not significant for the other taste stimuli and no significant interactions between sex and PTC taster status were present (Ps > 0.20).
In the subgroup analyses, no sex by PTC taster status interactions were present for any subgroup (Ps > 0.40). However, significant sex main effects were noted for sodium chloride in the URI group [respective female and male means (SEMs) = 8.57 (0.150) and 8.07 (0.199), F(1, 267) = 3.89, P = 0.049, η 2 = 0.014], caffeine in the idiopathic group [respective female and male means (SEMs) = 7.96 (0.241) and 7.21 (0.238), F(1, 263) = 4.83, P = 0.029, η 2 = 0.018], and sucrose in the head trauma group [respective female and male means (SEMs) = 8.49 (0.290) and 9.49 (0.302), F(1, 81) = 5.71, P = 0.019, η 2 = 0.063]. The sex main effect approached significance in the nasal sinus group for sucrose [9.47 (0.143) and 9.08 (0.160), F(1, 177) = 3.26, P = 0.072, η 2 = 0.016)]. Note that, with the exception of sucrose in the head trauma group, the women significantly outperformed the men. The finding in the head trauma group of better performance by men was unexpected and, to our knowledge, is unprecedented in the literature. Means are adjusted for the effects of sex and age. UPSIT scores represent the number of items correct out of 40 total; PEA threshold scores represent log 10 concentrations (the larger the negative number, the more sensitive the subject); OMDT score represents the total number of correct responses out of 12 trials independent of delay intervals, which were not significant. Note the P value (in bold) < 0.05. Note that in all cases negligible variance is accounted for by taster status. 
Whole-mouth intensity ratings across 5 stimulus concentrations
The mean intensity ratings given to each of the 5 concentrations of each taste stimulus are shown in Table 4 . In most cases the ratings, overall, were larger in the taster than in the nontaster groups and more or less mirrored the results of the taste identification tests denoted in Table 3 . Note that the amount of variance accounted for by PTC taster status, as indexed by η 2 , again is relatively low, with none being greater than 5%. That being said, it is clear that, with rare exception, the PTC tasters rated every concentration for every stimulus as stronger than did the nontasters. Moreover, as indicated by significant stimulus concentration by taster group interaction terms, the relative build-up of intensity was greater across concentrations for the taster than the nontaster subjects for sucrose, caffeine, and NaCl, but not for citric acid. Thus, for these three tastants the mean difference in ratings between the tasters and nontasters increased, although not always monotonically, across the 5 ascending concentrations, as exemplified by the taster minus nontaster data at each concentration for the entire group ( For the overall study group and independent of PTC taster status, the intensity ratings of the women were larger than those of the men for citric acid [respective means (SEMs) = 5.96 (0.064) and 5.56 (0.072); sex main effect F(1, 924) = 17.07, P < 0.001, η 2 = 0.018] and caffeine [5.44 (0.07) and 4.94 (0.08); F(1, 924) = 22.83, P < 0.001, η 2 = 0.023]. The sex main effect was not significant for sucrose (P = 0.73) and sodium chloride (P = 0.14). No significant interactions were evident between sex and PTC taster status for any of the taste stimuli (Ps > 0.30). For the URI group, the intensity ratings of the women were larger than those of the men for caffeine [respective means (SEMs) = 5.46 (0.113) and 4.81 (0.149); F(1, 265) = 12.20, P = 0.001, η 2 = 0.041]. A significant sex by PTC taster status interaction was also present [F(1, 265) = 4.77, P = 0.03, η 2 = 0.016]-female PTC tasters significantly outperformed male PTC tasters [respective means (SEMs) = 5.96 (0.120) and 5.62 (0.211), P < 0.0001], whereas female PTC nontasters did not outperform male PTC nontasters [respective means (SEMs) = 5.71 (0.164) and 5.74 (0.166), P = 0.793]. Additionally, the female tasters outperformed both the female and male nontasters (respective Ps = 0.005 and 0.0001).
For the nasal sinus etiology group, significant sex by PTC taster status interactions were also found for sucrose and sodium chloride [respective interaction effects: F(1, 177) = 5.34, P = 0.022, η 2 = 0.026; F(1, 177) = 3.92, P = 0.049, η 2 = 0.021]. In the case of sucrose, the mean intensity rating of the taster females was higher than that of the nontaster males [respective means = 5.02 (0.141) and 4.41 (0.191), P = 0.054] and that of the taster males was higher than that of the nontaster females [5.53 (0.177) and 4.71 (0.185), P = 0.008). In the case of sodium chloride, the mean intensity rating of the taster males [5.17 (0.201) ] was significantly (P = 0.021) higher than that of the nontaster males [4.32 (0.216) ].
In the idiopathic group, the intensity ratings were higher for women than for men for sodium chloride [respective means = 5.06 (0.124) and 4.64 (0.124); sex main effect F(1, 261) = 5.54, P = 0.019, η 2 = 0.02], citric acid [respective means = 6.18 (0.127) and 5.44 (0.127); F(1, 261) = 16.94, P < 0.001, η 2 = 0.060], and caffeine [respective means = 5.56 (0.151) and 4.83 (0.150); F(1, 261) = 11.92, P = 0.001, η 2 = 0.042].
Regional lingual taste identification
The results of the regional taste identification test are presented in Table 5 . The data from the left and right sides were combined because no meaningful PTC-related lateralized differences were found. The test scores represent the number of correct identifications of the taste quality out of a total of 12 stimulus presentations to the front and 12 stimulus presentations to the back of the tongue. The amount of variance accounted for was similar to that observed in the other taste tests. However, the regional identification test scores appear to be slightly more sensitive to PTC tasting status. For all four stimuli, for example, the P values for the entire group on the front and on the back of the tongue were less than 0.00001, a phenomenon not observed for the whole-mouth tests.
The influences of sex, as indexed by the sex main effect, are shown in Table 6 . This test was much more sensitive to sex effects than the previous tests in terms of the number of significant main effects in the ANCOVAs. No significant sex by PTC taster interactions were observed. However, in all cases, the women outperformed the men.
Discussion
This study determined, in patients presenting with chemosensory disturbances to a specialized smell and taste center, whether PTC tasters outperform non-PTC tasters on a number of state-of-the-art suprathreshold tests of smell and taste function. In the case of olfaction, no meaningful difference in test scores between tasters and nontasters was evident for any measure or etiology, seemingly in accord with studies in healthy cohorts showing no olfactory test differences between PTC tasters and nontasters (Forrai et al. 1981; Ly and Drewnowski 2001) . However, PTC tasters generally outperformed PTC nontasters on both whole-mouth and regional taste tests for both bitter and nonbitter stimuli-an effect that spanned the major etiologic categories.
An important observation of this study is that regardless of etiology, the proportion of PTC tasters was significantly lower than the ~75% generally observed in healthy North American populations. Although slight variations in PTC taster/nontaster frequencies appeared to be present among etiology categories, similar ratios of tasters to nontasters were evident among individuals from the 4 etiologies with relatively large sample sizes, that is, head trauma (49% tasters), idiopathy (53% tasters), nasal sinus disease (60% tasters), and URIs (55% tasters). Assuming the lower prevalence of PTC tasters we observed does not reflect a procedural or sampling issue, it is possible that such tasters in the general population are protected from severe olfactory dysfunction (the major problem that leads most patients to seek help from our center), thereby precluding their seeking professional help for a problem. However, once significant olfactory dysfunction occurs, being a taster or a nontaster would have little effect on the magnitude of the olfactory deficit. In other words, the benefit of possessing the T2R38 gene would be the prevention of severe smell disturbance, not mitigation of such disturbance once it becomes clinically manifest. Such a phenomenon would help to explain the lower frequencies of PTC tasters in our study group. That being said, however, other hypotheses cannot be ignored. For example, there are reports that persons with olfactory impairment have decreased taste function (Gudziol et al. 2007; Landis et al. 2010 ). If PTC nontasters are more susceptible to such decreases, then fewer PTC tasters would be expected in a patient population such as ours. Nevertheless, a study performed in our clinic population using the same measures as those of the present work found, after controlling for sex and age, no evidence of an association between smell and taste loss (Stinton et al. 2010) .
Our finding of a lack of influence of PTC taster status on patients with olfactory dysfunction attributed to nasal sinus disease was particularly unexpected in light of evidence that nasal infections are the most common causes of severe smell dysfunction (Deems et al. 1991) and that T2R38 receptors in cilia of the nasal sinus cavity detect bacterial quorum-sensing molecules and activate nitric oxide-dependent innate immune responses that protect against bacterial invasion (Shah et al. 2009 ). There are several potential explanations for our finding. First, as noted above, it may well be that any protection afforded to the olfactory region via the T2R38 gene largely occurred earlier in individuals who would not be reporting to a smell and taste center for diagnosis and treatment. Second, it is conceivable that nitric oxide-related protection is largely limited to the nasosinus epithelium and does not impact the olfactory epithelium, particularly since the nonmotile cilia of the olfactory receptor cells do not participate in mucociliary clearance. However, nitric oxide synthase is found in both peripheral and central olfactory nervous system structures of a number of species, including the olfactory receptor cells themselves (Dellacorte et al. 1995) . Moreover, the microvillar cells of the olfactory epithelium appear to be similar to brush cells seen throughout the endotracheal tracts-cells known to be rich in nitric oxide synthase 1 (Kugler et al. 1994) . Third, the lack of PTC taster status on olfactory dysfunction attributed to nasal sinus disease could reflect the possibility that most olfactory deficits due to rhinosinusitis are caused by viruses, not bacteria. If this is the case, PTC taster status would not be expected to influence chemosensory function via antibacterial mechanisms. Fourth, nitric oxide levels within the nasal cavity have been found to be inversely correlated with the severity of rhinosinusitis, suggesting the possibility that incapacitation of the nasal and/or olfactory epithelium may, in fact, decrease nitric oxide production, thereby mitigating any influence it may have in preventing smell loss (Gupta et al. 2013) . Fifth, our use of a single concentration of PTC did not allow for a clear differentiation between PTC tasters and PTC supertasters, the latter of whom are more likely to have the PAV/PAV haplotype. In vitro studies have shown that primary human sinonasal cell cultures derived from PAV/PAV tasters exhibit large nitric oxide and ciliary responses to AHL which, as noted earlier, is a common autoinducer used by gram-negative bacteria (Lee et al. 2012) . Such responses were largely muted in PAV/AVI and AVI/AVI haplotypes. Thus, many of our PTC tasters may have been susceptible to the same respiratory infections as AVI/AVI PTC nontasters. It is of interest that PTC tasters outperformed nontasters on both the taste identification and intensity rating tests administered in this study. This included not only bitter tasting caffeine, but also nonbitter tasting sucrose, sodium chloride, and citric acid. This effect appeared somewhat more robust for patients with chemosensory disturbances secondary to nasal sinus disease, although whether this effect is a true effect would require larger samples to be verified. To what degree the overall heightened taste performance of the PTC tasters represents gene-related protection of the taste system, simply enhanced sensitivity to taste qualities beyond bitter, or both, is unknown. Although, to our knowledge, this is the first study to evaluate suprathreshold taste identification performance in PTC tasters, PTC/PROP tasters have been shown to have lower detection and recognition thresholds to sucrose and quinine Chang et al. 2006) and to exhibit greater suprathreshold sensitivity to the intensity of sucrose (Bartoshuk et al. 1994; Drewnowski et al. 1997 ) and sodium chloride (Bartoshuk et al. 1998) , as well as to the bitter tastes of ethanol, saccharin, potassium chloride, sodium benzoate, and potassium benzoate (Bartoshuk 1979; Bartoshuk et al. 1988 ). Moreover, hedonic responses of PTC/PROP tasters differ from those of nontasters for a number of stimuli, including sucrose (Drewnowski et al. 1997) . Thus, there is considerable evidence that T2R38 taste receptors participate in the sensing of tastant molecules beyond those that simply taste bitter (Olson et al. 1989 ).
Overall, more women were PTC tasters than were men (60.7% and 45.5%, respectively), in accord with observations that, on average, women have lower PTC thresholds than do men (e.g., Sharma 2008) . In our study, no sex by PTC taster status interactions were present for the whole group or any of the subgroup ANCOVAs, suggesting that male:female differences in taste test performance were unrelated to PTC taster status, per se. Indeed, sex main effects were observed in all ANCOVAs, demonstrating that, regardless of PTC taster status, women, on average, outperformed men. This is in accord with most findings in the literature on sex differences in taste function in the general population (Glanville et al. 1964; Doty 1978; Weiffenbach et al. 1982) , particularly in older cohorts (Mojet et al. 2001) . Those studies that have found no or only limited evidence for sex differences in the perception of non-PTC tastants by PTC tasters employed relatively young persons (e.g., Hong et al. 2005; Chang et al. 2006) , providing a likely explanation for their findings relative to those of other studies, such as that by Mojet et al. (2001) . It is quite likely that our general findings are applicable to a wider nonclinical population, since most persons in our sample evidenced olfactory, not taste, dysfunction, and olfactory dysfunction has little or no effect on the taste tests used in this study (Stinton et al. 2010) .
Our study has both strengths and weaknesses. To our knowledge, it is the first to have assessed the influences of PTC taster status on a suprathreshold taste identification measure. We clearly demonstrate that such a measure, like threshold and intensity measures, is very sensitive to PTC taster status. Importantly, our research is based on a relatively large number of unique subjects with well-defined etiologies who have undergone an extensive battery of well-validated olfactory and gustatory tests, including, in the case of taste, both whole-mouth and regional tests. Nonetheless, small samples were present in a number of the etiologic classes, precluding a determination of PTC influences in these classes and limiting our analyses to only those etiologies represented by relatively large numbers of patients. Our study also suffers from the lack of gene determinations of PAV receptor variants. Thus, we were unable to explore the roles of specific alleles in influencing the test measures. Our classification of PTC tasters/nontasters on the basis of a single concentration of PTC precluded distinguishing "PTC supertasters" from "PTC moderate tasters," even though the procedure we employed is widely used and clearly differentiates tasters from nontasters. As noted earlier, the PAV/PAV genotype is more common in persons who experience the strongest bitter sensations. Genetic classification would be preferable to simply classifying subjects on the basis test testing, since blind sorting tests produce bimodal frequency distributions, with both medium PTC tasters and supertasters falling within one distribution (Drayna 2005) . Additionally, it should be noted that medium PTC tasters and supertasters have equivalent thresholds for quinine and sucrose sensitivity (Chang et al. 2006) and factors in addition to the T2R38 gene in some populations may distinguish medium PTC tasters from supertasters, confounding the clarity of the genetic interpretation of the PTC taster/nontaster differentiation.
